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ABSTRACT 


An attempt has been made to model the hysteretlc characteristics of 
unreinforced masonry infilled reinforced concrete moment-resisting 
frames for the first time. The difficulties encountered in the modelling 
are discussed and a new model, The Trillnear Hysteresis Model has been 
proposed for capturing the hysteretlc response of infilled frames This 
model incorporates the stiffness and strength contributions of the 
masonry infill to the overall response of the frame 

The critical parameters influencing the behaviour of masonry infill 
frames are identified, and a parametric study Is conducted to study the 
affects of the same. The inelastic response spectra, and from those the 
ductility reduction factor spectra, are obtained for the Uttarkashl 
earthquake strong motion data and some other strong ground motions 
widely used in seismic analysis. 

Based upon the results of the study, it has been concluded that the 
presence of the infill significantly reduces the ductility demand on the 
frame members. The Inflll-to-bare frame stiffness ratio is observed to 
be the most Influential parameter governing the response of infilled 
frames. The masonry infill continues to govern the overall response of 
the infilled frame through the unloading stiffness even after it has 
cracked. Thus, it is essential to consider the influence of the infill 
in the seismic response of infilled frames. A few simple examples are 
provided to demonstrate the same. Design spectra valid for the Himalayan 
region are also proposed 
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CHAPTER 1 
INTRODUCTION 


1.1 GENERAL 

In the analysis and design of building frames it is commonly 
assumed that non^structural elements do not contribute to their strength 
and stiffness The usual practice is to design building frames as "bare 
(skeletal) frames", wherein only the presence of beams and columns and 
sometimes also of the slabs, is accounted for Unfortunately, the list 
of non-structural elements also includes, among others, filler walls, 
staircases, canopies & other projections. While a mathematical model is 
required to design structures, such over-simplifications of their 
behaviour lead to the simulated behaviour being radically different from 
the actual one The deficiencies in the current approach of modelling 
are more pronounced during dynamic response, such as In the event of an 
earthquake Thus, the contributions of some of these structural 
elements, which are considered to be non-structural, need to be 
accounted for realistically This study is focused on the urgency to 
include filler walls in the design of frame buildings 

An infilled frame building is one having in-plane walls in between 
the frame members, namely beams and columns, as shown in Figure 1 1, 
These filler walls may or may not occupy the full panel area between the 
beams and columns These infill panels could be made of clay brick 
masonry, reinforced or unreinforced, or of reinforced concrete. In 
developing countries, like India, unreinforced masonry (URM) infills are 
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most commonly used In general, Reinforced Concrete (RC) Moment 
Resisting Frame (MRF) buildings with Infill wall panels are widely used 
Detailed research In the past has established that analyses of RC MRFs 
based on the bare frame approach lead to slgnif Icantly lower level of 
lateral stiffnesses, and hence larger fundamental natural periods, than 
the actual values obtained through experimental measurements 


1.2 OBJECTIVES OF PRESENT STUDY 

This study alms to critically review the implications of 
considering URM Infills in the seismic design of planar RC MRFs. The 
following are the salient objectives of this study • 

(i) Review the existing formulations for modelling the response of RC 
masonry infilled frames. Propose a cyclic constitutive law based 
on experimental hysteretic data for the overall load-deformation 
behaviour of masonry infilled frames 
(li) Develop a computer program for obtaining the inelastic response 
spectrum using the proposed hysteresis model 
(lii) Study the inelastic response spectrum of certain strong ground 
motion records in light of the proposed hysteretic model for RC 
MRFs with masonry infills. Critically study ductility reduction 
factors 

(iv) Identify critical issues affecting the seismic behaviour of 
existing buildings, and hence the seismic design of buildings. 
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1.3 ORGANIZATION OF THE THESIS 

The contention of this thesis is presented in five relatively 
Independent chapters Chapter 1 introduces the subject matter of this 
study and the need for it thereof. The objectives of the study are also 
outlined Chapter 2 presents the various issues involved in a realistic 
modelling of infilled frames and reviews the associated literature 

The details relating to the inelastic response spectrum of strong 
ground motion for masonry infilled RC MRFs is presented in Chapter 3. A 
simple model for the cyclic constitutive load-deformation relationship 
of masonry infilled RC MRFs is presented. The set of simple hysteresis 
rules governing the cyclic behaviour of infilled frames is listed 
Chapter 4 presents the results of a limited parametric study carried out 
to establish the effect of the different parameters governing the 
constitutive law. Some new issues in the design of frames are 
highlighted with the help of examples 

Finally, the summary of the work done and contentions of this 
thesis are listed in Chapter 5, Recommendations are made for possible 
future work in this area, 

1.4 SIGN CONVENTION, NOTATION AND UNITS 

Consistent sign convention and notations have been adopted 
throughout this work. Scalars are indicated by their variable names, 
eg,, u The time derivative of any quantity is indicated with a dot 
over the variable name, e, g, , x 
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All dimensions are referred to in SI units Linear dimension is 
expressed in millimeters (mm), while force is expressed in kiJo-Wewton 
(kN) The unit of time is second (sec) 



Figure 1.1 . Schematic diagram of an infilled frame 




CHAPTER 2 

EFFECT OF MASONRY INFILLS ON RC MOMENT RESISTING FRAMES 

:: A REVIEW OF LITERATURE 


2.1 GENERAL 

Ambient vibration measurements of existing buildings indicate that 
the actual stiffness of an RC MRF building is much more than that 
perceived by the bare frame analysis [Jain, et al, 1995], Also, in some 
cases, the contribution of the infill walls to the lateral strength of 
the building is experimentally recorded to be very significant. Thus, an 
infilled frame, in general, exhibits both higher lateral stiffness and 
larger maximum lateral load capacity than that estimated from the 
analysis of bare frames. This has far reaching consequences in the 
seismic design of buildings, which is critically dependent on both their 
strength and their stiffness. 

2.2 EFFECT OF INFILLS 

The infill imparts a significantly higher initial in-plane 
stiffness to the bare frame. This increase may typically be about ten 
times, Extreme values as high as 50-100 times have also been reported in 
cases [Fires and Carvalho, 1992] where the infills were constructed 
first and the frame was later cast all around. 

The Infill also imparts a higher lateral load capacity to the 
frame. However, with increased cracking and progressive yielding of the 
masonry, this maximum lateral load capacity drops down to that of the 
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bare frame for large values of lateral displacements The drop is 
relatively gradual in the case of reinforced brick masonry as there is a 
possibility of the development of both shear and flexural failure modes 
However in the case of URM panels, only shear failure mode is developed, 
resulting in a sudden brittle failure Consequently, a rather sudden 
drop in the load-deformation relationship is observed The maximum 
lateral load capacity of frames with URM infills may be upto about two 
times that of a bare frame fBrokken and Bertero, 1981; Fires and 
Carvalho, 1992]. The above two characteristic changes, namely increased 
strength and stiffness, in the load-deformation relation of building 
frames with infills are schematically shown in Figure 2 1. 

In an infilled frame, the lateral shear is resisted primarily 
through strut action This involves a separation between the infill and 
beam/column ends along the unloaded diagonal [Paulay and Priestley, 
1992], as shown in Figure 2 2 Along the loaded diagonal, there is an 
extra rigid zone near the beam/column ends 

In actual buildings, not all panels are infilled, some are left 
without filler walls depending on functional requirements. This random 
location of infills and of openings for doors/windows lead to a complex 
distribution of mass in the infilled frame. Also, the sudden stiffness 
changes due to missing/partial infills cause uneven seismic shear 
distribution Further, the non-uniform use of infills in the three 
dimensions of buildings (see Figure 2.3) may lead to eccentric 
distribution of stiffness which attracts large torsional moment. The 
presence of partial infills can lead to higher values of shear forces in 
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individual frame members, as shown in Figure 2.4. Hence, the inadequacy 
of a design based on the bare frame approach is obvious 

Increased stiffness and enhancement in strength cause larger 
dissipation of input seismic energy with progressive cracking of 
infills Also, the infilled frame exhibits an increased shear capacity 
for ground shaking upto moderate levels. Infill panels, however, also 
have some undesirable consequences on the overall behaviour of the 
frame. Under strong ground shaking, the failure of the strong infills 
may lead to sudden transfer of shear forces to columns, thereby exerting 
a significantly higher ductility demand on columns If not provided for, 
the columns may demonstrate brittle shear failure. Needless to say, the 
presence of infills attracts more earthquake forces to the structure 

The extent of the Influence of infill panels on the overall 
building behaviour depends on a number of factors. These factors are 
primarily owing to the material used as well as the construction 
methodology adopted. Some of them are . 

a) initial gaps between the infill and the frame members, 

b) the choice of reinforced/unrelnf orced masonry used, 

c) the properties of the mortar used, 

d) the column to infill stiffness ratio, 

e) strength of the infill, 

f) slip of masonry during the cyclic loading, 

g) extent of cracking in the masonry, 

and h) out-of -plane instability due to separation of wythes. 
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2 3 MODES OF FAILURE 

The primary modes of failure of infilled frames are 

a) Tensile failure of the tension column, attributable to the 
presence of large overturning moments, 

b) Sliding shear failure manifested in the form of a horizontal 
crack in the panel, caused due to the relatively weak mortar, 

c) Compression failure of the diagonal strut, 

d) Flexural or shear failure of the columns, 

and e) Diagonal cracking of the infilled panel Since additional load 
can be taken upto the compression failure mode of the diagonal 
strut and the flexural or shear failure modes of the columns, 
this is not considered as a strict failure condition 

The other failure modes for the infill frames Include horizontal 
slip and out-of -plane instability. Some of the failure modes mentioned 
above are schematically shown in Figure 2.5 

The load-deformation relationship of a reinforced concrete bare 
frame has been well established by experimental researchers. The 
behaviour of reinforced masonry is also relatively well documented. 
However, the behaviour of unreinforced masonry has not drawn much 
attention. Its load-deformation relation is taken to be linear for 
relatively low values of loads with a sudden brittle failure. The little 
experimental data available for masonry infilled frames [Brokken and 
Bertero, 1981, Gergely, et aJ, 1994, Klinger and Bertero, 1976; Kwan, et 
al, 1990, Liauw, 1979] Indicate a load-deformation relationship of the 
type shown in Figure 2.6. The figure also shows a comparison with the 
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characteristics 

of 

URM 

and the 

bare 

frame The load-deformation 

characteristics 

of 

the 

infilled 

frame 

may be thought of as a 


superposition of those of URM Infills and the bare frame. Figure 2 6 
also quail tatively shows these components as parts of the- net 
characteristics of infilled frames, and their idealized representations 
thereof. 

2.4 REVIEW OF LITERATURE 

Efforts for a realistic analysis of Infilled frames started in the 
late 1950’ s The Initial contributions were largely limited to the 
modelling of lateral stiffness of infills. And, most of this work 
focused on the static behaviour of RC infills. This led to the 
development of the diagonal strut analogy, in which the infill stiffness 
was estimated based on an equivalent diagonal strut in the panel 
[Polyakov, 1952]. The mechanism of load transfer in an infilled frame is 
primarily through strut action. The strut is itself formed when flexural 
deformations in the beams and columns cause their separation from the 
infill along the unloaded diagonal. This subjects the infill to a 
compressive loading along the loaded diagonal Extensive work has been 
reported [Flanagan, et aJ , 1994; Gergely, et al, 19941 on the modelling 
of the stiffness through this concept of the equivalent diagonal strut 
analogy 

The equivalent strut approach was later extended to also include 
the Influence of inf ill-to-frame stiffness ratio and multi-panel 
interaction [Smith, 1962; Smith, 19661. Based on this extension, design 
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curves for infilled frames were proposed [Smith and Carter, 19691 
Later, an expression for the width of the equivalent strut as a function 
of column-to-inf ill relative stiffness and panel geometry, was proposed 
[Mainstone, 1971) 

In the 1970’ s, a formulation based on the Airy’s stress function 
approach was proposed [Lai and Biggs, 1980] to compute the stress 
distribution in the infilled frame. This was used to later propose an 
approximate method of analysis for the Infilled frame. 

Extensive work on the application of the finite element method to 
investigate the static as well as dynamic behaviour of infilled frames 
IS available in the literature [Ali and Page, 1987, Girlsh, et al, 1992; 
King and Pandey, 1978; Liauw and Lee, 1977; Liauw and Lo, 1988, 
Samarasinghe and Hendry, 1982; Youssef, 1994] Initially, the infill was 
idealized as a plane stress element, considering the frame members to be 
axially rigid [Malllk and Severn, 1967, Malllk and Severn, 1968] This 
analysis was further extended [Mallik and Gang, 1971] to include the 
axial effects in the windward column. In this, approximate 
pre-determined contact lengths along the interfaces between the infill 
and the frame members were used. The effect of openings on overall 
behaviour of infilled frame was also investigated. 

Cracking and slipping in the infill panel have been simulated 
through the use of short, stiff linking members between nodes on the 
interface [Rlddlngton and Smith, 1977] . Friction elements have also been 
successfully used to model the interaction between the frame and the 
infill [King and Pandey, 1978]. 



Chapter 2 : Effect of Masonry Infills . 


f « 


11 


Separation, slip and friction between infill and frame members have 
been Incorporated In a non-linear modelling of infilled frames [Liauw 
and Kwan, 1982], Flexural and f lexural-cum-membrane type analysis using 
a super-masonry element has been proposed in a recent study [Bhandarl 
and Trikha, 1988] Flexural analysis was observed to give better 
results. 

In the recent past, tests have been conducted to investigate the 
influence of initial gaps on the behaviour of infilled frames 
iRiddington, 1984], Results from these tests indicate that initial gaps 
should be avoided as they lead to undesirable effects Tests to study 
the Influence of infill properties on the overall infill frame 
behaviour, have also been reported [Dhanasekar and Page, 1986; Grimm, 
1975; Jagadlsh, et aJ, 1992, Rahman and Reddy, 1992; Sawko and Rouf, 
1984; Schuller, et al, 1994], 

Plastic theory has also been employed to model the behaviour of 
infilled frames A unified plastic theory has been proposed for analysis 
and design of infilled frames [Liauw and Kwan, 1984], In a recent study, 
model tests have been conducted and plastic analysis has been applied to 
study the behaviour of infilled frames [Kwan, et al, 1990], 

In another recent study [Altin, et al, 1991], tests were conducted 
to understand the effect of infill on the stiffness, strength, energy 
dissipation, lateral drift and ductility characteristics of infilled 
frames The study leads to interesting and important conclusions towards 
a better understanding of the behaviour of the infilled frame, However, 
the tests were restricted to frames with RC infills only. 
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Extensive work has been done on the behaviour of brick Infilled 
steel frames However, since the infill-to-column stiffness ratio is 
much higher for infilled steel frames, their overall behaviour is 
significantly different from that of infilled RC frames However, in a 
recent study on infilled steel frames [Chrysostomou, et a], 1992], a new 
multi-strut model is proposed as an extension of the equivalent diagonal 
strut approach. This is basically a compression-only six strut model 
which is capable of simulating plastic hinge formation in frame members 
The current thinking amongst researchers on the design of a RC 
building with infills, clearly reflects the need for including the 
contribution of infills to its overall lateral strength and stiffness A 
rational approach is now available [Rashad, 1993] for incorporating the 
properties of infills in the design procedure However, this is based on 
monotonic behavioural consideration only 

Experimental data on URM infilled RC MRFs is scanty. Moreover, clay 
brick masonry being a grossly heterogeneous material, the experimental 
results Indicate a very wide range of scatter [Brokken and Bertero, 
1981, Klinger and Bertero, 1976; Llauw, 1979] While most of the results 
are for monotonic load conditions, some are also available for reversed 
cyclic load conditions. Hardly any work has been reported on the 
modelling of the hysteretic response of masonry infilled frames 
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2.5 SUMMARY 

Masonry infill panels contribute significantly to the strength and 
stiffness of frame buildings. The current approach of modelling infilled 
frame buildings as elastic perf ectly-plastic systems is Inadequate 
There is an urgent need to include the effect of infill panels in the 
lateral load-deformation characteristics of building frames Analytical 
models are required to describe the hysteretlc behaviour of masonry 


infilled RC MRFs 
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Figure 2 1 


Figure 2. 2 



Monotonlc load-deflection curves of bare and infilled 
frames showing increased strength and stiffness in the 
latter 



: Strut action in the infill and separation between infill 
and RC frame members under lateral force [Paulay and 
Priestley, 1992) 
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Figure 2.3 . Eccentricity developed due to non-uniform Location of 

infills. 



frame 


Moments 


Figure 2. 4 . Increased shear forces in columns due to partial masonry 

infill in concrete frames [Paulay and Priestley, 1992]. 
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Possible failure 
mechanisms ; 

A Flexural 

B Midheight honz, 
crack 

C Diagonal crack 
D Horizontal slip 
E Comer crushing 




• plastic hinges 


^ crack in frame members 









. Failure Mechanisms 


Figure 2.5 ; Typical failure mechanism developed in masonry infilled RC 

frames [Mehrabi and Shlng, 1994]. 
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Brick Masonry 



Infilled Frame 


Figure 2. 6 


Actual and Idealized monotonic load-deflection curves for 
brick masonry, bare frame and Infilled frame 


CHAPTER 3 

TRILINEAR HYSTERESIS MODEL 


3.1 GEMERAL 

The earthquake-resistant design philosophy currently in practice, 
requires that a structure should be able to resist (a) minor levels of 
earthquake ground motion without damage, (b) moderate levels of 
earthquake ground motion without structural damage, but possibly with 
some non-structural damage, and (c) major levels of earthquake ground 
motion without collapse, but possibly with some structural as well as 
non-structural damage. Most design codes fulfill the first two 
requirements directly, while the third is implicitly accounted for 
through sufficient ductility and strength provisions 

In accordance with the above philosophy, a well designed building 
frame is expected to behave inelastically under strong ground shaking, 
thereby dissipating the input seismic energy without collapse. The 
nonlinear behaviour in buildings can arise from Its components, namely 
beams, columns, Joints, slabs and walls, either Individually or 
collectively. The nonlinearity stems from both material as well as 
geometric nonlinearities. Hence the true behaviour of an infilled frame 
building can be studied through nonlinear dynamic analysis, which 
realistically incorporates both the above types of nonlinearities. It is 
uneconomical to design a structure to remain elastic during severe 
ground motions of rare occurrence. But if it is ensured that the 
building is capable of undergoing inelastic deformations in a stable 
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manner through adequate ductility features built into it, it can be 
designed for a much lower seismic force than the maximum force 
experienced by it if it were to remain elastic. Thus, its inelastic 
response is an important input to the design process 

3,2 INELASTIC RESPONSE SPECTRUM 

An estimate of the maximum inelastic seismic response during a 
particular ground motion is possible through the inelastic response 
spectrum (IRS) The structure is considered to be a single degree of 
freedom system, the natural period of which is the fundamental natural 
period of the structure. The IRS is a plot of the maximum pseudo 
spectral acceleration (PSA) experienced by a SDOF system of natural 
period T, normalized with peak ground acceleration (PGA), for a 
specified value of ductility, p The derivation of the design inelastic 
response spectrum from the design elastic response spectrum of a system 
is shown in Figure 3.1 [Riddell, et ai, 1989]. The IRS provides a quick 
preliminary estimate of the maximum expected response of a structure 
given its fundamental natural period and expected ductility, under a 
given ground motion However, this method implicitly assumes that only 
the first fundamental mode of vibration contributes to the response 
This assumption is reasonable for most regular building frames which 
behave primarily In lateral shear, but may be unacceptable in case of 
irregular building frames, In which other modes also contribute 
significantly to their response In the latter case, a detailed dynamic 
analysis becomes necessary. 
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In the current trend of design, the design seismic lateral force Is 
obtained by dividing the realistic level of elastic base shear force 
corresponding to a design ground motion by a factor R, called the 

response reduction factor [Murty and Jain, 1994, ATC-1978; UBC-1994] 

This factor, R, stems from two factors, and is given by, 

R = R^ n, (31) 

where R^ is the ductility reduction factor and £3, the overstrength 

factor R represents the reduction In the elastic force to the level of 
the yield strength of the structure This depends on the ductility of 
the structure, and hence on Its energy dissipation capacity, n 

represents the overstrength inherent in the code-designed structures, 

and is defined as the ratio of the maximum lateral strength of the 
structure to the code-prescribed design base shear. These factors are 
schematically shown In Figure 3 2 

The inelastic response spectrum is commonly re-cast as the plot of 
the ductility reduction factor (DRF), R versus the natural period of 
the single degree of freedom system [Gupta, 1990). The DRF is the ratio 
of the maximum elastic response (PSA) to the maximum inelastic response 
(PSA) for a ductility of jUi with say 5% damping, i.e. , 

PSA{T, C=5%, 

R (T,u) = , (3 2) 

^ PSA(T, C=5%, u) 


where p represents the displacement ductility, p is the ratio of maximum 
displacement response, u , to yield displacement, u , of the structure, 
I . e, > 


u 

max 



(3.3) 



Chapter 3 : Tri linear Hysteresis Model 


21 


The DRF depends on the natural period, damping, ductility and cyclic 
load-deformation characteristics of the structure, as well as on the 
ground motion characteristics For the elastic perfectly-plastic (EPP) 
system, R is obtained as shown in Figure 3 3(a) 

3.2.1 Numerical Implementation for Obtaining Inelastic Response Spectrum 

The equation of equilibrium of a nonlinear single degree of freedom 

system, with mass m, elastic stiffness and damping c, is 

m x'(t) + c x(t) + p(x,t) = f(t), (3 4) 

where x'(t), x(t) and x(t) are respectively the acceleration, velocity 

and displacement responses relative to the ground at time t p(x,t) is 

the nonlinear stiffness force generated in the system under the 

application of the external force f(t). Under seismic conditions, f(t) 

IS owing to the inertial effects, and is given by 

f (t) = - m x‘ (t), (3.5) 

8 

where x‘(t) is the input ground acceleration. The nonlinear response 
8 

quantities x‘(t), x(t) and x(t) are obtained by Integration of Eq. (3.4) 
in the time domain 

Let At be the time step. Then, the equation of equilibrium at time, 
(t+At), is 

m x’(t+At) + c x(t+At) + p(x,{t+At)) = f(t+At) . (3.6) 

For iteration k within the time step, the incremental equilibrium 
equation is obtained from Eq (3.6) using Newmark’s Gamma-Beta difference 
recipe and the Modified Newton Raphson Procedure, as 
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IP aT ~ — 7 

(&tr 

= /3 f(t+At) - ^ p'^{t+At) 




(At) 


— 2 ml x^(t+At) 


+ [(y-p) c + ^ ml x(t) + 


+ [-j^ c + — ~ ml x(t) 

(At)^ 

[(y-2p) ^ c + (CO 5-3) m]'x (t) , 

(3 7) 


where p and ^ are Newmark*s parameters Within the load step from time t 

k k 

to time (t+At), the initial estimates for x (t+At) and p (t+At) are 

taken as xCt) and p(t), respectively Eq. (3 7) is then solved 

{( 

iteratively till Ax converges. 

For linear problems, unconditional stability of the numerical 

scheme in the Newmark's y-/3 Method is guaranteed, if yaO 5 and 
2 

paO 25(0 5+y) . The values ^=0,25 and y=0.5 have been used in the 
analysis. This particular choice for the parameters p and y, called the 
Constant Average Acceleration Method or the Trapezoidal Method, has the 
advantage of not introducing any artificial damping through the 
numerical scheme 

k+1 

The stiffness force p (t+At), is obtained by applying the 
cumulative incremental deformation within the time step to the state of 
the system at the end of the previous time step. The hysteresis rules 
described in the preceding section are employed to ascertain the new 
state 

3.3 MODELLING LOAD-DEFOHMATIOW CHARACTERISTICS OF INFILLED FRAMES 

Building frames are usually modelled on the basis of bilinear 
load-deformation characteristics. Of these, the elastic 
perf ectly-plastic (EPP) model has been the most popular choice of 
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researchers. However, this model Is Inadequate to reflect the true 
characteristics of Infilled frames discussed in Chapter 2. A better 
model Is required for the study of these frames 

From the various experiments reported in the literature [Brokken 
and Bertero, 1981, Gergely, et al, 1994, Klinger and Bertero, 1976; Kwan 
et al, 1990, Liauw, 1979], the actual behaviour of the Infilled frames 
can be summarized as follows 

a) The initial stiffness of the infilled frame is much higher than that 
of the corresponding bare frame 

b) The presence of unreinforced masonry infills leads to a higher 
maximum lateral load capacity for the frame The behaviour is almost 
linear upto the maximum load, when sudden cracking of the brittle 
masonry leads to a sharp drop In the load carrying capacity of the 
frame At large lateral displacements. It reaches that of the 
corresponding bare frame 

c) Once the masonry has cracked, the frame behaves just like a bare 
frame, except that the unloading stiffness remains at the level of 
the infilled frame initial stiffness. 

3 4 TRILIWEAR HYSTERESIS MODEL 

Based on observations made in Section 3.3, an analytical model, 
called Trilinear Hysteresis Model, is proposed to capture the hysteretic 
response of URM Infilled flC MHFs This hysteresis model, Is motivated by 
the experimental data, though limited, collected from the literature 


Chapter 3 • Tri linear Hysteresis Model 


24 


3.4.1 Monolonic Load -deformat ion Curve 

The Infilled frames demonstrate a very distinct backbone curve The 

monotonlc load-deformation curve, also called the virgin curve, for a 

single-storey single-bay URM Infilled frame can be idealized by the 

tril inear curve shown in Figure 3.4 The various parameters that control 

the characteristics are, yield strength, P , ultimate strength, P , 

y u 

initial stiffness, E^, and negative slope, E^, in the unstable region 
Although, much analytical work has been done on the behaviour of 
infilled frames, only a few experimental tests are reported. The highly 
heterogeneous properties of masonry and the lack of adequate data make 
it impractical to correctly quantify the above parameters using the 
material properties and the geometric dimensions 


In this study, the yield displacement, 


on the tril inear 


load-deformation curve is defined as displacement corresponding to 


maximum load carrying capacity of infilled frame Csee Figure 3.4). For 


the Trillnear Hysteresis Model, R is obtained as 


in Figure 3.3Cb) 


3.4.2 Hysteresis Behaviour 

The cyclic behaviour of infilled frames is captured from the 
experimental data The phenomenological model for the cyclic hysteretlc 
response of frames proposed in this study is discussed below. It is 
primarily based on a set of hysteresis rules 


Hysteresis Rules - 

Hysteresis rules are the most important inputs to nonlinear 
analysis for reversed cyclic loading. The proposed rules resemble the 


I 
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Extended Maslng’ s Hypothesis [Jayakumar, 1987] relevant for metals A 
close observation of the available scanty data from infill frames made 
of heterogeneous materials, namely reinforced concrete and masonry, 
provide some broad guidelines to form the hysteresis rules 

The hysteresis rules formulated for the proposed model are 

(1) The virgin curves are identical for both directions of loading 

(2) The virgin curve is linearly elastic upto the yield point, beyond 
which the curve drops off linearly to the ultimate capacity, which 
is assumed to remain constant with displacement 

(3) Plastic strains accumulate only by progressing along the virgin 
curves and not by progressing along the branch curves. When plastic 
strains are added in one direction, the virgin curve in the other 
direction is translated along the deformation axis. This translated 
virgin curve is called the backbone curve. 

(4) The branch curve originating from the virgin curve is the first 
branch curve The destination of this first branch curve leaving a 
positive virgin curve is a symmetric force point on the translated 
negative virgin curve. Similarly, the destination of the first 
branch curve leaving a negative backbone curve is a symmetric force 
point on the translated positive backbone curve. 

(5) Under force reversals, the first branch curve is linearly elafetic, 
with initial stiffness, until zero force is reached. Thereafter, 
the curve heads linearly, at a reduced stiffness, to its 
destination point. However, this reduced stiffness has a lower 
bound corresponding to the initial stiffness of the bare frame. If 
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lower bound governs, the curve follows the slope given by the 
Initial stiffness of the corresponding bare frame, till the target 
force level is reached, and proceeds horizontally thereafter, until 
it reaches the destination point (Figure 3 5) 

(6) All subsequent branch curves originating from the first branch 
curve are linearly elastic, with initial stiffness, till zero force 
is reached Thereafter, the curves head linearly towards the last 
turning point on the other side, until either all the nested loops 
are closed, or the destination point on the virgin curve is 
reached. 

Comparison - 

Typical hysteretic loops of URM infilled frames predicted by the 
Tril inear Hysteresis Model, based on the above set of hysteresis rules, 
are shown in Figure 3.6. Further, the hysteresis rules are validated by 
comparing the simulated response with the experimental response of two 
infilled frames [Brokken and Bertero, 1976] Figures 3 7 and 3.8 show 
the experimental and the simulated cyclic load -deformat ion curves for 
the same. The simulated response based on the Trilinear Hysteresis Model 
seems to compare reasonably well, considering the simplicity of the 
model. The experimental curves show some deviation from the simulated 
response, and it is not very clear whether the actual specimen show some 
relaxation effects near the yield region, or some strain hardening at 
moderate levels of displacement. More work is required to study these 
aspects and to reduce the ambiguity in the interpretations of . such 


results. 
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The proposed Trillnear Hysteresis Model is only a first attempt 
towards a more realistic modelling of infilled frames. It does not 
incorporate the effects of relaxation, strain hardening, stiffness 
degradation, etc. However, the Trillnear Hysteresis Model Incorporates a 
gradual reduction in the loading stiffness of the infilled frame to the 
level of that of the bare frame. 

3.5 DERIVATION OF DUCTILITY REDUCTION FACTOR 

The procedure for obtaining the inelastic response spectrum of a 
ground motion for single-degree-of -freedom (SDOF) systems with EPP 
characteristics is very well established [Riddell and Newmark, 1979] 
SDOF systems with different natural period and yield force are subjected 
to the chosen ground motion and the maximum responses recorded are used 
to evaluate the ductility demand, p Maximum acceleration versus natural 
period curves are drawn for fixed values of p In case of EPP systems, 
as the yield force level is gradually reduced, the ductility demand p 
gradually Increases. Figure 3.9 shows the typical yield displacement 
versus ductility relationship of the EPP system for a given natural 
period. 

However, in systems with trillnear monotonic curves, even If the 
yield force is gradually reduced, there is a sudden jump in the 
ductility demand for short period systems, as shown in Figure 3.10. The 
natural periods indicated are those corresponding to the initial 
stiffness of the infilled frames. The physical reasoning for this is as 
follows. The sudden cracking of the masonry leads to a sudden transfer 




Chapter 3 : Tri linear Hysteresis Model 


28 


of shear forces to the frame members, particularly for very stiff 
structures. Consequently, there Is a sudden, sharp Increase in the 
displacement of the structure The variation of ductility with yield 
displacement need not necessarily be monotonlc. For intermediate natural 
period range, multiple solutions often exist for the yield displacement 
of a system to produce a fixed ductility [Riddell and Newmark, 19791 
Figure 3 11 shows that in case of a non-monotonlc variation of ductility 
with yield displacement, the lowest value of yield displacement for a 
given ductility gives the largest reduction factor, and vice versa. This 
is reflected in the ductility reduction factor (DRF) spectrum, a plot of 
R^ versus T for a given p, which has a fan-like shape in the 

intermediate natural period range, as shown in Figure 3.10 This fan 

region in the DRF spectrum can be considered as a zone of severe 
inelasticity. It is interesting to note that different shapes for the 
DRF spectra of systems with EPP characteristics proposed by different 
researchers correspond to either the lower limit of the fan [Newmark and 
Hall, 1973, Lai and Biggs, 1980], or to the upper bound of the fan 

[Riddell et al, 1989; Chandak and Jain, 1994] Figures 3.12 and 3 13 
show the mean DRF spectra as proposed by some researchers. In the 

current study the lowest value of the yield displacement is chosen 
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Natural Period, T (sec) 

Figure 3 1 : Derivation of inelastic response spectra from elastic 

spectrum [Riddell et ai, 1989] 



Figure 3,2 . Definition of ductility reduction factor, R^, and 

overstrength factor, fi. 




Chapter 3 . Trl } Inear Hyst eresis Node 1 


30 


P 


pHiax 

e 



P 

u 





(b) 

Figure 3.3 ■ Definition of ductility reduction factor, R^, for systems 

with (a) elasto-plastic, and (b) trilinear backbone 


iurves. 









Figure 3.6 , Typical hysteresis loops as predicted by Trilinear 

Hysteresis Model for URM RC infilled frames 
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Figure 3,8 



(a) 





: Comparison of Load-deflection curves for URM RC infilled 
frames, (a) Experimental - test specimen 7 (Brokken and 
Bertero, 1981], (b) Analytical as predicted by Trilinear 

Hysteresis Model. 
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(b) 


Figure 3,11 : Derivation of DRF frotti normalized yield displacement 
versus ductility curves 
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Figure 3 13 . DRF spectra proposed In the literature, (a) 
aJ, 1989 (d) Chandak and Jain, 1994 



CHAPTER 4 

PARAMETRIC STUDY 


4.1 GENERAL 

The properties of masonry are highly heterogeneous as discussed in 
Chapter 2. The exact stiffness and strength of the Infilled frame 
depends on many uncertain factors. The available experimental data shows 
a large scatter. The difficulty is aggravated by the fact that even the 
different specimens tested as part of the same study, exhibit a large 
variation in properties. This is in some cases owing to the different 
specimens not being subjected to the same load-time history Also, under 
pseudo-static test conditions, affected due to slip, relaxation and 
strain-hardening seem to significantly influence the infilled frame 
characteristics. To overcome this difficulty, a parametric study is 
conducted with different values of the relevant parameters. 

In this chapter, the conventional analysis based on the SDOF EPP 
system of the bare frame is compared with the analysis based on the 
Trillnear Hysteresis Model for the load-deformation characteristics of 
the RC Infilled frame 

4.2 GROUND MOTIONS CONSIDERED 

The strong ground motions used in this study are chosen such, that 
different features of the ground characteristics are well represented. 
The strong motion accelerograms recorded during the October 1991 
Uttarkashi Earthquake In India are used to bring relevance to the study 
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from the Indian context Twenty-four strong ground motion records 
collected from different stations during the Uttarkashi Earthquake are 
used In the analysis. The details of the same are listed in Table 4 1. 
The inelastic response spectra obtained from these ground motions are 
averaged and the standard deviations computed to extract meaningful 
trends The study also includes a few widely used earthquake strong 
ground motions recorded in US. These have markedly different 
characteristics, which help In drawing ground motion independent 
conclusions. The details of these ground motions are given in Table 4.2. 

4.3 RANGE AND CHOICE OF PARAMETERS 

In the absence of sufficient experimental data, selecting the 
ranges of the parameters is difficult. However, some typical 
representative values of each of them are selected. The parameters 
involved in this study are discussed below 

4.3.1 Stiffness Ratio, K 

The experimental data available [Brokken and Bertero, 1981; Gergely 
et al, 1994; Klinger and Bertero, 1976; Kwan et ai, 1990; Liauw, 19721 
on URM infilled RC MRFs indicate that the ratio of stiffness of the 
infilled frame to that of the bare frame, hereinafter referred to as 
stiffness ratio, X, may be about ten. This ratio varies with the 
characteristics of masonry, mortar, thickness of infill, frame member 
dimensions, presence and size of openings, and the prevalent 
construction practices. The presence of moderate-sized openings reduces 
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this ratio by upto 50%, while bigger openings lead to an infilled frame 
stiffness which Is only slightly higher than that of the bare frame 
Based upon the experimental results [Brokken and Bertero, 1981, Choubey, 
1990, Klinger and Bertero 1976], three values of stiffness ratio, namely 
2 0, 5.0 and 10 0 are selected for this study These are also listed in 
Table 4.3. 

4.3.2 Strength Ratio, cr 

The presence of the infill leads to a higher maximum load capacity 
for the frame. With reference to Figure 3 3, the ratio of this maximum 
load capacity, P^, to the ultimate load capacity of the frame, P^, 
hereinafter referred to as strength ratio, (t, has been found to vary 
with the type and size of infill and the openings present in it For the 
case of URM infilled RC MRFs, this ratio may be as high as two. 

For investigating the effect of the variation in this parameter, five 
different values of this ratio, namely 10, 1.25, 15, 1,75 and 2.0 are 
considered in this study. These are also listed in Table 4.3 

4.3.3 Slope Ratio, i) 

The third parameter defining the load-deformation characteristics 
of the infilled frames is the slope ratio, t), which is the ratio of the 
negative slope E^, in the backbone curve, to the initial positive slope, 
Ep The value of primarily depends on the type of masonry used. For 
brittle masonry, this Is very high owing to a sudden drop in the load 
once the masonry fails. For ductile masonry, the slope is relatively 
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much more gradual ]n line with these observations, four different 
values of slope ratio, namely 1000, 2, 1 and 0.2 have been used in this 
study. These are also listed in Table 4 3 

4.4 RESULTS AND DISCUSSIONS 

The results are shown in the form of mean DRF spectra for different 
values of the parameters. Each of these figures shows the plots of the 
DRF spectra with variation in one parameter only. The DRF spectrum for 
the bare frame is also included in each of these figures for comparison 
Similar figures showing the mean-minus-one standard deviation DRF 
spectra are also presented The natural period values on the horizontal 
axis of the DRF spectra for infilled frames correspond to their elastic 
stiffness. All the above figures correspond to a damping ratio of 5/< 
The ductility values used are 1, 1.5, 2, 3, 5, 8, 10, 12 and IS 

4,4.1 Uttarkashl Earthquake 

The mean DRF curves for the Uttarkashi data, are shown in Figures 
4 1 to 4.12. From these curves, the following conclusions are drawn • 

(1) The slope ratio 17 (=E^/Ep) does not have any significant affect on 
the shape and values of the DRF spectra. 

A marginal increase in the DRF values with increase in the 
slope ratio is noticed However, even this slight increase is 
observed only in the intermediate range of the natural period, and 
that too for higher values of strength ratio. 

(Z) The strength ratio <r l=P^/P^) also does not seem to signif icantly 
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Influence the DRF spectra. 

For higher values of there is a slight reduction in the 
values of the DRF spectra. This reduction Increases with increase 
in ductility The proportional reduction in the values is 
noticeable at very low natural periods. 

(3) The stiffness ratio, K (=Ej^^/E^), seems to significantly affect the 
shape and the values of the DRF spectra 

This parameter influences the inelastic response of infilled 
frames most With increase in the stiffness ratio, X, there is an 
increase in the value of the ductility reduction factor. The 
stiffness ratio, K, directly governs the behaviour of Infilled 
frames through the unloading stiffness, which remains at the level 
of the original elastic stiffness. Also, with increase in the 
stiffness ratio, K, multiple peaks are observed in the intermediate 
natural period range. 

(4) With increase in the stiffness ratio, K, the DRF for Infill frames 
curves for different ductility values converge to a value of unity, 
at non-zero, though very small, values of the natural period. 

The above observation is in difference with the expected 
convergence to unity at zero natural period in case of bare frames 
The Trilinear Hysteresis Model for the Infilled frame has an 
unstable negative slope. Here a marginal perturbation beyond the 
yield value, leads to a very sharp decline In the load carrying 
capacity, and consequently, to a relatively large value of 
displacement. This is very pronounced In the very short period 
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systems. It leads to a sudden, sharp Jump in the ductility value, 
and the smaller values of ductility are not at all achieved 

Thus, with increase In K, a plateau Is observed in the DRF 
spectra, with the DRF values remaining at unity till about 0.1 sec 
natural period for K=10. 

From the mean-minus-one standard deviation curves shown in Figures 
4.13 to 4 24 for the Uttarkashl data, the following conclusions can be 
drawn • 

(1) With Increase in the K, the mean-minus-one standard deviation 
curves show a sharp V-notch in the intermediate natural period 
range, around a value of 0 3-0.4 secs 

This v-notch is more pronounced for higher values of the 
stiffness ratio. The absence of this notch in the case of the bare 
frame suggests that this could be a characteristic of the infill 
properties However, it is also observed that the elastic spectra 
of the Uttarkashi earthquake ground motions exhibit a lull around 
the natural period of 0,3-0. 4 secs {Das and Jain, 1993]. This 
suggests that the notch could well be a characteristic of the 
ground motion Itself. Thus, in the Intermediate natural period 
range corresponding to the location of this notch, there is a 
sharp, localized decrease In R^. 

(2) It is noticed that the mean-minus-one standard deviation curves 
show a value less than unity for the short period range 

For natural periods upto about 0 15 secs, the structure cannot 
be expected to realize the higher ductility levels for the extreme 
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seismic shaking conditions. Since a value of less than unity for 
the DRF spectra is not meaningful, it can be taken as unity for 
this region. 

(3) The DRF spectra for higher values of ductility exhibit a higher 
standard deviation 

The above observation is also in line with those reported by 
other researchers for bilinear elasto-plastic systems [Chandak and 
Jain, 1993; Riddell et al, 1989]. Thus, for reliable estimates of 
the mean-minus-one standard deviation curves for higher ductility 
values, more data is required Moreover, these curves for the 
higher ductility values sometimes Intersect those for the lower 
ductility values In such cases, the information presented by the 
mean-minus-one standard deviation curves do not follow the 
physically intuitive argument that the ductility reduction factor 
is always higher for systems with higher ductility Such crossing 
over of the m-<r curves have been observed [Chandak and Jain, 1994] 
in the very short natural period range for EPP systems for the 
Uttarkashi earthquake ground motions. 

The crossing over of the m-tr curves as observed above may be a 
consequence of the Inherent instability in the Trilinear Hysteresis 
Model owing to the presence of the negative slope The increase in 
the stiffness ratio, K, only adds to this instability Further, the 
complexity is Increased by higher ductility values, which are 
already known to exhibit higher standard deviation values. This 
could also be due to high standard deviation for some stray points 



Chapter 4 ; Parametric Study 


47 


4.4.2 US Earthquakes 

The DRF spectra for each of these three strong ground motion 
records are computed separately. A few representative curves for a set 
of the parameters are given in Figure 4.25 to 4 27. These curves arte for 
individual time histories. The trends shown by these are similar to 
those of the mean curves for the Uttarkashi Earthquake strong motion 
records 

The conclusions derived from the Uttarkashi data also apply for 
these strong ground motion records. Since these strong ground motion 
records have widely different spectral characteristics, the results of 
this study seem to hold independent of the ground motion 
characteristics. However, a detailed study on this is required. 

4.5 DESIGN IMPLICATIONS 

In the light of the above limited parametric study, the following 
implications can be drawn for the design of infilled frames , 

(a) The design DRF is inadequate for short buildings, i.e., buildings 
with a low natural period value. 

As is observed from the mean and the mean-minus-one standard 
deviation curves, the ductility reduction factor value is very 
close to unity till about 0.4 sec natural period. This implies that 
the design force cannot be reduced in the case of short period 
Infilled frames. The DRF value being close to unity, the designer 
can only rely on the overstrength of the structure while reducing 
elastic force level through the use of response reduction factor. 
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(b) For Infilled frames with high stiffness ratios, the DRF can be 
slightly Increased over that of the corresponding bare frames 

The DRF for infilled frames Is slightly higher than that of 
the bare frames with the same natural period. This could be due to 
the staffer and stronger initial characteristic upto yield of the 
infilled frames. 

(c) The presence of the infill reduces the ductility demand on the 
frame members. 

This conclusion has tremendous implications on the analysis 
and design of infilled frames. This study indicates that the DRF 
values are slightly higher for the infilled frames compared to that 
for bare frames, for a given ductility level Thus, the ductility 
demand on the building is lower However, the yield displacement is 
much smaller for the infilled frame building. Also, the increased 
strength of the building on account of the infills leads to a 
higher yield force level This Implies that the maximum 
displacement of the infilled frame building is much smaller than 
that of the corresponding bare frame. This reduces the ductility 
demand on the RC frame members. The Infilled frame dissipates more 
energy as compared to its bare frame for the same level of maximum 
displacement, provided the ultimate strengths of the two are same 
This IS schematically shown In Figure 4.28 
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4.6 EXAMPLES 

The examples below are Intended to highlight the beneficial aspects 
of the presence of infills In RC MRFs. They also highlight the higher 
input seismic energy dissipation characteristics of infilled frames, 
whereby the infilled frames lead to lower maximum displacements, even 
after the infills have been completely damaged 

In all the following examples, the subscripts "b" and ''lf‘' refer to 
bare frame and Infilled frame, respectively 


Example 1 ; Frame with Large Natural Period 

Let the bare frame have natural period, T^, of 3 0 sec, yield 

0 \ 

displacement, A , , of 10 mm, and maximum elastic force, F , , of 
y, b max,b 

800 kN. Let the design ductility, p, be 10 Therefore, the maximum 
displacement will be 


A 

max 


b 


p X A . . 
y,b 

10 X 10 = 100 mm 



stiffness ratio, K (= , of 10, and a strength ratio, cr (=Py/P^) 

of 2.0 



Natural period, T 
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= 0 95 sec 

P 2P fP V 

Also, yield displacement, A = = 0.2 ^ = 0.2 A , 

y.b Ejj lOE^ lEj y.b 

= 0. 2 X 10 = 2 mm 

Assuming that the spectral acceleration due to the ground motion varies 
as 1/T between natural periods 0,5 sec, to 3 sec» the maximum elastic 

pel ^ el \ 

max, If ~ *^max,b ^ 

« 800 X = 2526 kN 

P 

And, yield base shear, V , = x V . 

’ y,if P^ y.b 

= 2.0 X 100 = 200 kN 

Thus, required value of ductility reduction factor, R , for the infilled 
frame building is 


c, _ 2526 
200 


12 6 


From the results of current study (see Figure 49), the required 

ductility, fi, for the infilled frame building is about 15. 

.• A ,_ = uxA ,_ = 15x2 = 30imn 
max, if y. If 

Hence, the ductility demand on frame members is only 30/10 = 3. 

The bare frame experiences a maximum displacement of 100mm. Its 
yield displacement is 10mm. However, the presence of Infills reduces the 
maximum displacement to be experienced by the infilled frame building to 
30mm. Insofar as the RC frame members are concerned, the ductility 
demand on them has been reduced. With respect to the yield displacement 
of the bare frame of lOmm, the maximum displacement of the infilled 
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ay A-p 


frame building, and hence of the frame members, of GOmin Implies a 
ductility demand of 3 on the RC frame members, as against 10 in case of 
bare frame members. 


Example 2 : Frame with Intermediate Natural Period 

Let the bare frame have natural period, Tj^, of 0.5 sec, yield 

el 

displacement, of 4 mm, and maximum elastic force, 

3000 kN. Let the design ductility, p, be 5. Therefore, the maximum 

displacement will be 

A , = p X A . 
max,b y,b 

= 5 X 4 = 20 mm 

Then, ductility reduction factor, R , [Riddell et al, 1989], is 
about 5. Thus, the yield base shear, of bare frame is 


max, b 


= = 600 kN 

Let the infilled frame corresponding to the same bare frame have a 
stiffness ratio, K (= E^^/E^), of 10, and a strength ratio, (t (“Py/P^) 
of 2.0. 


A Natural period, ^if 


= 0 16 sec 


Also, yield displacement, A . = gr 

y I “ 


2P /P,\ 

= 0.2 f^l = 0 2 A . 

(Ebi y'*" 


=0.2x4 =0.8 mm 


Assuming that the spectral acceleration due to the ground motion is 
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constant between natural periods 0 16 sec to 0.5 sec, the maximum 
el 

elastic force F is given by 

fTlS-X » 1 1 


max, if 


max,b 


= 3000 kN 


And, yield base shear, V 


y.if~ P 


= 2 0 X 600 = 1200 kN 

Thus, required value of ductility reduction factor, R^, for the infilled 
frame building is 

p 1200 ^ ^ 

From the results of current study (see Figure 4.9), the required 

ductility, p, for the infilled frame building is about 3. 

A ,_«uxA ,_=:3x0.8«=2.4mm 
max, if ^ y,lf 

Hence, the ductility demand on frame members is just 2 4/4 =06. 

The bare frame experiences a maximum displacement of 20 mm. Its 
yield displacement is 4 mm. However, the presence of Infills reduces the 
maximum displacement to be experienced by the Infilled frame building to 
2.4 mm. Insofar as the RC frame members are concerned, the ductility 
demand on them has been reduced. With respect to the yield displacement 
of the bare frame of 4 mm, the maximum displacement of the infilled 
frame building, and hence of the frame members, of 2.4 mm implies a 
ductility demand of 0 6 on the RC frame members, as against 5 in case of 
bare frame members Thus, there is no ductility demand on the frame 


members. However, the ductility demand on the infilled frame as a whole 


is 5. 
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Example 3 : Frame with Low Natural Period 

Let the bare frame have natural period, T^, of 0 3 sec, yield 

displacement, 2 mm, and maximu/n elastic force, F ,, of 

y,P max,b 

3000 kN. Let the design ductility, p, be 2. Therefore, the maximum 
displacement will be 


A u = M X A 

max,b ^ y,b 

= 2 X 2 = 4 mm 

Then, ductility reduction factor, R^, [Riddell et al, 1989], is 

about 2. Thus, the yield base shear, V »» of bare frame is 

y,b' 

F®^ 

V = max,b 

y.b “ 


3000 


= 1500 kN 


Let the infilled frame corresponding to the same bare frame have a 
stiffness ratio, K l= ® strength ratio, cr (=Py/P^) 


of 1 25. 


Natural period, T 


if 


Also, yield displacement, A 


= 0.095 sec 

y.ir 4 ^ 




= 0. 125 X 2 = 0.25 mm 

Assuming that the spectral acceleration due to the ground motion is 

linear between natural periods 0 0 sec to 0.1 sec, the maximum elastic 
el 

force is given by 

max, ii 


^el 

max, if 


= F®^ .X [ 2.5 - ^1 (0.1 - T )] /2.5 

max,b [ [0.1 - 0 OJ if J 
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= 2910 kN 


And, yield base shear, V 


V- X V ^ 
Pu y^b 


= 1,25 X 1500 s 1875 kN 

Thus, required value of ductility reduction factor, R , for the infilled 

frame building is 

„ 2910 , 

1875 “ ^ 

From the results of current study (see Figure 4 9), the required 
ductility, fi, for the infilled frame building is about 5. 

•• Vx.lf ■ " >■ \,lf" ® = 1 25 ™ 

Hence, the ductility demand on frame members is Just 1.25/2 = 0,625 

The bare frame experiences a maximum displacement of 4 mm.. Its 
yield displacement is 2 mm However, the presence of infills reduces the 
maximum displacement to be experienced by the infilled frame building to 
1 25 mm. Insofar as the RC frame members are concerned, the ductility 
demand on them has been reduced. With respect to the yield displacement 
of the bare frame of 2 mm, the maximum displacement of the infilled 
frame building, and hence of the frame members, of 1.25 mm implies a 
ductility demand of 0.625 on the RC frame members, as against 2 in case 
of bare frame members Thus, there is no ductility demand on the frame 


members. 
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4 7 THE ROLE OF INFILLS 

Based upon the current study, although the Infilled frame loses 
strength and stiffness on cracking of the masonry Infills, the initial 
stiffness and strength contribution of the infills significantly alters 
the overall behaviour of the frame during the later load cycles Also, 
it continues to govern the subsequent behaviour through the unloading 
stiffness, which is same as the initial infilled frame stiffness This 
reduces the ductility demand on the frame members Thus, the increased 
initial stiffness of the frame cannot be ignored and must be 
incorporated in the analysis and design of building frames with infills. 

It has been noticed during the past earthquakes that in countries 
like India, where RC frame buildings are built with brick Infills, many 
of these Infilled frame buildings, constructed by local masons without 
any formal aseismic considerations, have performed well On the other 
hand, many formally constructed reinforced concrete frame structures 
without infills, even in countries with good aseismic construction, have 
performed poorly in the past earthquakes. The examples In the previous 
section clearly bring out the role of the infills in reducing the 
maximum displacement, and hence, the damage Incurred by the frame. The 
role of the increased stiffness and strength contributions of the 
infills is, thus, not just limited to the initial response of the 
infilled frames, but does effect the hysteretic response even after the 
infills have been damaged. 
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4.8 DESIGN SPECTRA 

The results of the study clearly Indicate that the shape of the 
DRF spectra are affected severely by the ground motions considered The 
US ground motions are significantly different from the Indian ground 
motions and consequently, their DRF spectra are widely different in 
shape. Hence, the design spectra of other countries cannot be used as 
the design spectra in India Moreover, different sites within the 
country may have significantly different frequency contents Thus, site 
specific spectra need to be evolved. Towards this end, the average 
spectra of all the data and parameters considered in this study Is 
relevant and meaningful. Figure 4.29 shows the average spectra for all 
the parameters considered an this study 

The above figure Is meaningful for the Uttarkashi data only. 
However, the Uttarkashi data is similar in content to other Himalayan 
ground motions [Chandak and Jain, 1994], and thus, the above figure may 
serve as a design spectrum for the Himalayan region. However, region 
specific design spectra still need to be evolved for other parts of the 
country. 


Chapter 4 ; Parametric Study 


57 


Table 4.1 : Strong Ground Hotion Data Recorded During the Uitarkashi 
Earthquake, 1991 Used In This Study. 





r 






Location 

Distance 

MMI 

Dim 

Peak 

Peak 

Peak 

Spectral 

A/V 





Ground 

Ground 

Ground 

Inten- 

Ratio 





Accl 

Vel. 

Accl 

slty 

1 





(g) 

(mm/ 

(mm) 

(mm) 

(sec ) 






sec ) 







L 

0.253 

178 73 

37.54 

709 73 

13 90 

Bhatwari 

25 

VIIl 

T 

0 247 

207 78 

53.23 

1235 36 

8 12 




L 

0.242 

169 56 

21.15 

448.86 

13 99 

Uttarkashi 

40 

vm 

T 

0.310 

194 68 

19.85 

579.36 

15.61 









HH 





HB 




IB 




L 

liiiia 

20.70 


77.61 


Rudraprayag 

54 

■ 

VI^ 

T 


27 06 


75.30 





Hi 

0 073 

42. 15 

8 17 

I 184.29 

16 94 

Tehri 

54 

VI 

B 

0 062 

92 30 

19 84 

373.62 

6.62 





0,095 

57.87 

10.93 

183.37 

■39 

Barkot 

63 

VI"" 

T 

0 082 

44 84 

6.98 

148 44 

IB 




L 

0.101 

51,55 

11,14 

194.54 

19 18 

Koteshwar 

65 

VI 

T 

0.056 

39.27 

6 78 

170.16 

16.61 




L 

0,062 

36.90 

5 80 

103 23 

16 53 

Karnaprayag 

65 

VI'" 

T 

0 079 

37.30 

4 02 

91.72 

20 74 



Hi 

n 


48. 13 

8,44 

112 21 

15.36 

Purola 

76 

B 

B 


45.91 

9 22 

176 59 

19.97 



Hi 

mm 

0,021 

23, 43 

4 27 

80.44 

8,81 

Koti 

105 

D 

B 

0.042 

28 60 

3.40 

91 88 

14 32 



Hi 

n 

0,029 

18.82 

3 77 

46,16 

15,06 

Kosani 

144 

D 

B 

0.032 


2.86 

45.65 

20.26 



Hi 

n 

EH 


3.42 

45.44 


Almora 

150 

D 

B 

Bi 


4.50 

46 77 



« 


L - Longitudinal, T ~ Transverse 

Peak acceleration, velocity, and displacement values are from 
Chandrasekhar an and Das, 1992. 
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Table 4.2 ; Strong Ground Motion Data Recorded During the Earthquakes, 
in US, Used in This Study. 


Strong Motion 

Records 

Peak Ground Acceleration (PGA) 

(cm/s/s) 

El Centro^ 

341.7 

Taft^ 

152.7 

3 

Pacoima Da;n 

1148 1 


1, Imperial Valley Earthquake, 1940, El Centro Site Imperial 
Valley Irrigation District. 

2. Kern County Earthquake 1952, Taft Lincoln School Tunnel. 

3 San Fernando Earthquake 1971, Pacolma Dam Abutment 

The data has been taken from Hudson, et al, 1976 


Table 4.3 : Different values of the parameters chosen in the cxirrent 
study. 


Stiffness Ratio 

* - 

2.0, 5.0, 10.0 

Slope Ratio 

■n = E /E 
n p 

1000, 2, 1, 0.2 

Strength Ratio 

(T = P /P 
y u 

1.0, 1.25, 1.5, 1.75, 2.0 
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Figure 4 1 


. Mean DRF spectra of Uttarkashi earthquake strong motion 

records, for URM RC Infilled frame with stiffness ratio, K 

(=E,VE. )=2, and slope ratio, t) (=E /E )=1000, for 
11 D F 

different values of strength ratio, a- Mean DRF 

spectra of bare frame also shown. 
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Figure 4.2 . Mean DRF spectra of Uttarkashi earthquake strong motion 

records, for UBM BC infilled frame with stiffness ratio, K 
and slope ratio, i) (=E^/Ep)=2, for different 

values of strength ratio, a (=Py,/P^3. Mean DRF spectra of 


bare frame also shown. 
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Figure 4.3 : Mean DRF spectra of Uttarkashi earthquake strong motion 

records, for UPIM RC infilled frame with stiffness ratio, X 
(-E^^/Ej^)=2, and slope ratio, t) (=E^/Ep)=l , for different 

values of strength ratio, <r (=Py/P^). Mean DRF spectra of 

bare frame also shown 









Nolurol Period, f (sec) Naturol Period, f (sec) 


Figure 4.4 ; Mean DBF spectra of Uttarkashl earthquake strong motion 

records, for URM RC Infilled frame with stiffness ratio, K 

(=E, VE. )-2, and slope ratio, 17 (=E /E )=0.2, ■ for 

11 n p 

different values of strength ratio, (T Mean DRF 

spectra of bare frame also shown. 










Figure 4.5 : Mean DBF spectra of Uttarkashi earthquake strong motion 

records, for URM RC infilled frame with stiffness ratio, K 
(=E^^/E^)«5, and slope ratio, t) (=E^/Ep)=1000, for 

different values of strength ratio, er (=Py/Py). Mean DRF 

Spectra of bar© fraine also shown, 
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^ TOP Boectra of Uttarkashi earthquake strong motion 

Figure 4.6 : Mean mfllled frame with stiffness ratio. X 

records, for URM RC /E ),2. for different 

(=E,yE. )“5, and slope ratio, ^ 

. t. «tK t-aHn O' (=P /p )• Mean DRF spectra of 
values of strength ratio, <r i 

bare frame also shown. 
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Figure 4.7 .■ Moan DRF spectra of Ultarkashl 

records, for URM RC Infilled frame with 

(.E,,/E^)-5, and slope ratio, u (=E/Ep)-1, for different 
values of strength ratio, o- (=Py''P^)• spectra of 

bare frame also shown. 
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Figure 4,8 


: Mean DBF spectra of Uttarkashi earthquake strong motion 

records, for UBM RC infilled frame with ^ 

and slope ratio, T) i-E^/EpJ-U- lor 


(=Ejf/E^)=5. 


different values of strength ratio, (T ("Py/Py^ 


Mean DRF 


spectra of bare frame also shown. 









Figure 4.9 


- Mean DRF spectra of Uttarkashi earthquake strong motion 




(=E /E )*1000, 

r ^ , - n p 

different values of strength ratio, (r (=Py/Pu)- Mean DRF 
scectra of hare frame also shown. 
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Figure 4.10 ; Mean DRF spectra of Uttarkashl earthquake strong motion 
records, far URM RC infilled frame with stiffness ratio, K 
(=Ej^^/Ej^)=10, and slope ratio, t) (=!E^/Ep)=2, for different 

values of strength ratio, <r (“Py/P^) Mean DRF spectra of 


bare frame also shown 
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Figure 4.11 


Mean DRF spectra of Uttarkashl earthquake strong option 

records, for UFW RC Infilled "'“different 

(»£, ./E, )=10, and slope ratio, v , 

i. 4 .K If f=P /P ). Mean DRF spectra of 

values of strength ratio, <r i Ty r^j 

bare frame also shown 
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Figure 4. 12 


nRF spectra of uttarkashi earthquake strong motion 
records, for URM RC infilled frame with 

and slope ratio, v l-V 




different values of strength ratio, a 


snectra of bare frame also shown. 
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Figure 4. 13 


Mean-minus-one standard deviation DRF spectra of 
Uttarkashl earthquake strong motion records, ^ 

infilled frame with stiffness ratio, X l-Ej^/E^)- 2 , and 

slope ratio, v (-E/Ej,)-I00a. for different values of 

strength ratio, a- I'P^/Py)- DRF spectra of bare frame 

also shown. 





Chapter 4 : Parametric Study 


72 




"igure 4. 14 


Mean-l.lnuG-an= standard davlatlon DBP nr 

Uttarkashi earthquake strong motion 

infilled frame with stiffness ratio, ^ 1 if b ' 
slope ratio, n (=E„/Ep)=2. 

strength ratio, m Mean DRF spectra of bare frame 

also shown. 
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Figure 4.15 


,n^minus-one standard deviation DRF ^P^ctra of 
iarkashi earthquake strong motion /E° aS 

billed frame with stiffness ratio, K Z, 


ratio, 1) 


for different values of 


(=E^/Ep)=l, 

awth ratio, .r (=Py/P„). Haan DRF apaotra of bare frame 
o shown. 
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Figure 4. 16 


Mean-minus-one standard deviation DRF ^ 

Uttarkashi earthquake strong motion J 

infilled frame with stiffness ratio. K 

Blope ratio, r, (-E/E >=0.2. for different values of 
strength ratio. C=P/P^). Mean DRF spectra of bare frame 

also shown. 
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figure 4. 17 


Mean-minus-one standard deviation 
Uttarkashl earthquake strong motion 
infilled frame with stiffness ratio, 


X)RF spectra of 
records, for UBM RC 
K and 


slope rallo, tl (-E/Epl-lOOO, for different values of 
strength ratio, e (vP/^u)' spectra of bare frame 


also shown* 
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Figure 4.18 ; Mean-minus-one standard deviation DRF 

Utlarkashi earthquake strong notion reoords, /»>■ ™ RC 
Infilled frame kith stiffness ratio, X (-Ejp/Ej^l-S, and 

slope ratio, t) l=E^/Ep)=2. f”'' different values of 

strength ratio, o- (=?/?„)• 
also shovm. 
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Figure 4 . 19 


Mean-minus-one standard deviation DRF 
Uttarkashl earthquake strong motion J ^ 

infined frame with stiffness ratio, K 

slope ratio, r, (=E/Ep)=l. for different values of 
strength ratio, ^ (=P/Pj • ^RF spectra of bare frame 

also shown. 
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Figure 4.20 


an“Jninus~one standard deviation DRF 
tarkashi earthquake strong motion records, f 

with stiffness ratio, K ( ) » 


slope ratio, „ ('E„/E 1=0.2, for dlffereat values of 

strauglh ratio, <r (=Py/P^l. Mean DRF spectra of bare frame 

also shown. 
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Figure 4,21 


,an-minus-one standard deviation DRF spectra of 
tarkashl earthquake strong notion 

ifilled frame with stiffness ratio, X ( ' 

ope ratio, v (=E^/Ep)=1000, for different values of 
rength ratio. <r {=P /P^). Mean DRF spectra of bare frame 


also shown. 
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Infilled frame with stiffness ratio. K 
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strength ratio, e- (=Py/P„). Mean DRF spectra of bare frame 
also shown. 
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Figure 4.23 


iean-minus'one standard deviation DRF 
Jttarkashl earthquake strong motion records. 

Infilled frame vflth stiffness ratio, K (=E^^/E^^)-10, 


slope ratio. 

strength ratio. <r (=P/Pu)- 


also shown. 




Chapter 'I : Paramptrlc Study 


82 




Figure 4.24 : Mean -minus -one standard deviation DBF spectra of 

Uttarkashi earthquake strong motion records, for URM RC 
infilled frame with stiffness ratio, K (=Ej^/Ej^)=10, and 

slope ratio, tj (=Ej^/Ep)=0. 2. for different values of 

strength ratio, .r (=P /?„)> Mean DRF spectra of bare frame 

y ^ 

also shown. 
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Figure 4.25 


; DRF spectra of 


EL Centro Strong Ground Motion. 
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Figure 4.26 


: DBF spectra of 


Pacoima Bam Strong Ground Motion.. 
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: DRF spectra 


of Taft Strong Ground Motion. 
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Figure 4.28 : Additional energy dissipated in a 
from monotonic considerations. 


URM RC Infilled frame 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 


5.1 SUMMAR Y OF T1!E STUDY 

This thesis attempts to provide a better understanding of the 
seismic behaviour of unreinforced masonry filled reinforced concrete 
momonl resistinp, frames The salient contributions of this thesis are 
suitimai'l/ed below . 

(1) I'ho various experimental and analytical studies reported in the 
lltoralvire on RC frames with infills are critically examined. 
Critical parameters that Influence the Infill frame behaviour are 
Idontif led. 

{ 2 ) A constitutive model Is proposed for the hysteretic response of 
masonry Infilled frames, This model, namely the Trilinear 

Hysteresis Model, incorporates the stiffness and strength 

contributions of the masonry infill to the overall response of the 
frame. It also incorporates stiffness deterioration in a limited 
sense. Tho simple hysteresis rules on which the model Is based are 
listed. In this thesis, for the first time, the cyclic constitutive 

modelling of Infill frames has been attempted. 

(3) A parametric study Is conducted to study the effect of various 
criucal parameters on the hysteretic response of masonry Infilled 
frames to seismic excitation, The Inelastic response spectre, and 
from those the ductility reduction factor spectra, are obtained. 
The results of the parametric study are carefully examined 
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(4) Tho impUcaUonf; of Uip rosuUs of this study on the seismic design 
of HC: MHKh with masoniy Infills are also discussed 

(5) Design sixjfAia lor the Himalayan region are proposed as the average 
spectra for all (ho parameters taken together, 

5.2 C ONCLUSIONS 

The following are the major conclusions of this thesis 

(1) Tlio slope rado tj does not have any significant affect on the shape 
and values oi the DDF spectra. 

(2) (he sir etigth ratio o' also does not seem to significantly influence 
the DRF spectra. 

(3) The stiffness ratio, X, seems to significantly affect the shape and 
the values of the DRF spectra, 

(4) With Increase in the stiffness ratio, X, the DRF for Infill frames 
curves for different ductility values converge to a value of unity, 
at non-zero values of the natural period, 

(5) With Increase in the X, the mean-mlnus-one standard deviation 
curves show a sharp V-notch In the Intermediate natural period 
range, around a value of 0,3-0, 4 secs. 

(6) It is noticed that the mean-mlnus-one standard deviation curves 
show a value less than unity for the short period range, 

(7) The DRF spectra for higher values of ductility exhibit a higher 
standard deviation, 

(8) The DRF spectra from ground motions with different spectral 
characteristics, show the same overall trends. However, the actual 
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slidpos of llie spoctra are highly sensitive to the ground motions 

The lollowing design implications are drawn from the study : 

(1) The design provisions are Inadequate for short buildings, l.e., 

buildings with a low natural period value 

(2) For Infilled frames with high stiffness ratios, the DRF can be 

slightly Increased over that of the corresponding bare frames 

(3) The presence of the Infill reduces the ductility demand on the 

frame members. 

(4) The initial stiffness of the infill frame buildings governs its 

overall response, even after the masonry is damaged. 

^ 3 RE COMMENDATIONS FOR FUTURE WORK 

Based upon the conclusions of this work, the following 
recommendations are made for possible future work in this area . 

(1) The basic Tri linear Hysteresis Model proposed in this thesis may be 
refined to include slip, relaxation, strain-hardening and stiffness 
deterioration In Infilled frames. 

(2) Extensive experimental investigations are needed to be carried out 

to hotter quantify the stiffness and strength contributions of the 
/ 

URM infills in RC MRFs, Such an exercise Is urgently needed to ease 
the current problems In the analytical modelling of the infilled 
frames. 

(3) The mean and mean-mlnus-one standard deviation DRF spectra can be 

data of the available ground 


further validated by considering more 


C/i/ipicr .Siimwiary and ConcJusJong 2} 

motions, to arrive at more reliable DRf spectra, 

(4) Infilled frame buildings whose natural periods are in the 
intermediate lange, need to be studied In greater details 

(5) The Trlllnear Hysteresis Model proposed in this study may be used 
to obtain the time history responses of Infilled frames. However, 
proper quantification of relevant parameters through experiments is 
needed to render these time history analyses reliable 
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